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[57] ABSTRACT

An output-buffered packet switch with priority packet
transmission and a flexible buffer management scheme is
disclosed. The switch consists of a sorting network at
the input, a2 nonblocking routing network at the output,
and multiple modules of column-fill networks together
with the storage elements connected in series to provide
a novel buffer management scheme. Each module pro-
vides one dedicated buffer for each output port, except
the last module where the storage is shared by all the
outputs. The combination of dedicated and shared suf-
fering gives high performance for a wide range of traf-
fic conditions. The switch is expandable in the sense
that its performance can be enhanced by simply adding
more modules. The switch design is distributed and has
self-routing capabilities, so it can operate at very high
data rates. The output-buffered packet switch can be
used to implement a centralized control for another
packet switch of higher speed but same functionality.

44 Claims, 10 Drawing Sheets
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OUTPUT BUFFERED PACKET SWITCH WITH A
FLEXIBLE BUFFER MANAGEMENT SCHEME

This application is a continuation of application Ser.
No. 07/894,116, filed Jun. 5, 1992 now U.S. Pat. No.
5,274,642.

FIELD OF INVENTION

The present invention relates in general to packet
switching systems, and more particularly to an output-
buffered packet switch that has a plurality of inputs and
outputs, implements a hybrid of shared and dedicated
buffering, uses distributed architecture, provides prior-
ity transmission, guarantees packet sequence, is expand-
able, and can serve as a central control for a packet
switch of higher speed.

BACKGROUND OF THE INVENTION

High performance packet switches that interconnect
a plurality of input ports to a plurality of output ports
are critical components in communication networks
requiring high transmission speeds. These switches can
be used to transfer packets carrying a variety of services
such as video, image, voice, and data services. Because
of the high transfer rates, these switches are typically
implemented using highly distributed, self-routing inter-
connection networks. In order to ease hardware imple-
mentation, these switches usually operate in a time-slot-
ted fashion where the time slot is equal to the transmis-
sion time of one packet.

Packet switches traditionally incorporate buffers in
order to deal with temporary surges in traffic. The
placement of buffers in a packet switch strongly influ-
ences the packet loss, packet delay, and throughput
performance. Packet switches having buffers at the
switch input (“input buffered switches”) and that trans-
fer packets on a First-In-First-Out (FIFO) basis suffer
from head-of-line blocking which results in reduced
throughput performance (see J. Y. Hui and E. Arthurs,
“A broadband packet switch for integrated transport,”
IEEE J. Select. Areas in Commun., vol. SAC-5, pp.
1264-1273, Dec. 1987). On the other hand, packet
switches having buffers at the switch output (“output
buffered switches) can achieve maximum throughput
close to 100% (see Y. S. Yeh, M. G. Hluchyj and A. S.
Acampora, “The Knockout switch: A simple, modular
architecture for high-performance packet switching,”
IEEE J. Select. Areas Commun., vol. SAC-5, pp.
734-743, Oct. 1987). Since an output buffer must be able
to accept simultaneous packet arrivals (up to the num-
ber of input lines for no packet loss), the switch inter-
connection fabric normally provides multiple, and up to
N2, disjoint paths from its N inputs to its N outputs. As
a result, a straightforward implementation of an output-
buffered switch can lead to hardware complexity of up
to N2in the case where a hardware unit is dedicated to
each path.

In addition to the placement of buffers, buffer alloca-
tion is also an important consideration in packet switch
design. When buffers are dedicated to packets destined
to each output of a switch, a large buffer size is required
to attain a low packet loss rate. At the other extreme,
when buffers are completely shared by all the outputs,
significant buffer reductions can be achieved under
certain traffic conditions. Examples of shared-buffer
switches with a centralized control can be found in the
Prelude and Hitachi proposals (see M. Devault, J. Co-

5

10

15

20

25

30

35

45

50

55

60

65

2

chennec, and M. Servel, “The Prelude ATD experi-
ment: assessments and future prospects,” IEEE J. Se-
lect. Areas in Commun., vol. SAC-6, pp. 1528-1537,
Dec. 1988 and H. Kuwuhara, N. Endo, M. Ogino, and
T. Kozaki, “Shared buffer memory switch for an ATM
exchange,” Proc. ICC, Boston, Mass., pp. 4.4.1-4.1.5,
June, 1989). An example of 2 packet switch with distrib-
uted control is the Starlite switch (see A. Huang and S.
Knauer, “Starlite: A Wideband Digital Switch,” Proc.
GLOBECOM’84, Atlanta, Ga., pp. 121-125, Dec. 1984,
and U.S. Pat. Nos. 4,516,238 and 4,542,497 (Huang et
al)). Since a shared storage buffer can be accessed by
any input and any output, some inputs that coincident-
ally send packets to a specific group of outputs can
consume all of the buffer space, thereby preventing (or
“locking out™) other packets destined for other outputs
to access the buffer space. This phenomenon in turn
degrades the performance of the switch. In view of the
lock-out problem, it is thus more desirable to allocate
only a partial amount-of the buffer space as a shared
storage and dedicate parts of the remaining buffer space
to each output.

A variety of packet switches based on the combina-
tion of Batcher sorting and banyan routing networks
have been proposed. One example is the Starlite switch
discussed above, which is based on the Batcher sorting
network, a trap network, and a banyan routing net-
work. The Batcher network sorts the incoming packets
according to the destination addresses (See K. Batcher,
“Sorting Networks and their Applications,” Proc.
AFIPS, pp. 307-314, 1968). The trap network identifies
packets with repeated addresses and recirculates them
to the input of the Batcher network. The packets that
are not recirculated by the trap network are routed to
the output ports in nonblocking fashion by a banyan
network. Unfortunately, to achieve high performance,
the size of the Batcher network needs to be a large
multiple of the input lines. This increases the hardware
complexity. The Starlite switch also suffers from the
buffer lock-out problem discussed above because of its
full buffer sharing configuration. The Sunshine switch
disclosed in J. Giacopelli, M. Littlewood, and W. D.
Sincoskie, “Sunshine: A high performance self-routing
broadband packet switch architecture,” Proc. ISS,
Stockholm, Sweden, pp. 123-129, May 1990, and in
U.S. Pat. No. 4,893,304 (Giacopelli, et al ), overcomes
some of the difficulties of the Starlite switch through a
combination of output queuing and packet recircula-
tion. The trap network operation in the Starlite system
is modified in the Sunshine system so that up to K pack-
ets can be transferred to each output buffer through K
parallel banyan routing networks. The trap network
recirculates those packets that cannot be transferred to
the output buffers.

An object of an aspect of this invention is to realize an
exact implementation of an output-buffered packet
switch that overcomes the complexity problems associ-
ated with implementations that use multiple disjoint
paths through the use of multiple but shared intercon-
nection paths, and that provides both shared and dedi-
cated buffering, thus achieving buffer efficiency while
avoiding the lockout problem.

SUMMARY OF THE INVENTION

According to an aspect of the present invention, there
is provided an output-buffered packet switch imple-
menting a novel buffer management scheme. The
switch design is fully distributed and has self-routing
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capabilities, so it can achieve high transfer rates. The
switch preserves the sequence of the packets flowing
between each input-output pair. Priority transfer of
packets can also be supported with almost no additional
cost.

The switch of the present invention provides output
buffering without resorting to faster internal circuits,
through the application of a column-fill operation. This
operation guarantees that packet losses occur only from
the shared buffer. This operation also prevents the lock-
out phenomenon that can occur in fully shared buffer
switches. Each column-fill operation is implemented by
an identical module, and the number of dedicated buff-
ers is equal to the number of such modules. The buffer
sharing operation is implemented by the same module,
except that it can be of a different size. The size of the
dedicated and shared buffers can be selected so that the
switch packet loss rate can be kept within desired levels
under a broad range of traffic conditions.

BRIEF DESCRIPTION OF THE DRAWING

A detailed description of the preferred embodiment is
provided herein below, with reference to the following
drawings in which:

FIG. 1a is a schematic representation showing opera-
tion of an output buffered switch according to the pres-
ent invention in its broadest aspect.

FIG. 15 is a schematic representation showing opera-
tion of an output buffered switch with streamlined co-
lumn-fill networks, according to the present invention.

FIG. 2 is a representation of the packet format uti-
lized in the switch in accordance with the preferred
embodiment.

FIG. 3 is a block diagram of a generalized column-fill
network according to the present invention.

FIG. 4is a block diagram of a Banyan network of size
8 by 8, Which may be used with the column-fill network
of FIG. 3.

FIG. § is a block diagram of a packet switch architec-
ture according to the preferred embodiment of the pres-
ent invention.

FIG. 6is a block diagram of a generalized column-fill
network wherein the shared buffer module of FIG. 5
differs from the column-fill modules in that the size of
the input column and array column need not necessarily
be the same as those at the output.

FIG. 7 is a space-time diagram depicting the over-
lapped time slots for the packets switched by the archi-
tecture of FIG. 5.

FIG. 8 is a block diagram of a time sharing switch
architecture according to an alternative embodiment of
the present invention.

FIG. 9 shows a packet switch architecture with cen-
tralized control according to a further alternative em-
bodiment.

FIG. 10 shows an embodiment of the packet switch
architecture of FIG. 9.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

With reference first to FIG. 1a, a description of the
general operation of an output-buffered switch is pro-
vided. The switch receives a plurality of packets in an
input column 10 and then routes the received packets
via an interconnection fabric 20 to a two-dimensional
array 30. The output queues are organized in the two-
dimensional array 30 with B columns labelled from
right to left, and N rows labelled from top to bottom
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(for concreteness, the figure shows-the case for which
N=8 and B=¥6). Each entry in the array can store ex-
actly one packet. Each row represents an output queue
with the number of columns equal to the depth of the
queue, which is assumed to be of equal size B for all
output queues. Thus, row i stores the packets that are
destined for output port i.

During each time slot, the interconnection fabric 50
accepts an input column of arriving packets 10 and
places them in the array 30. The maximum number of
packets in an input column need not be the same as the
number of output ports N. For example, in multicast
applications a packet arrival at an input line can be
destined for several output ports. In this scenario these
packets will have already been duplicated and will ap-
pear in the input column to the interconnection fabric
20. In the case where there is only one priority class and
where packets are handled on a FIFO basis, each input
packet is stored in the rightmost available column of the
row corresponding to its destination output port. In the
event that input packets cannot be placed in the array
because the corresponding rows are full, these packets
are temporanly held in the input column 16. The pack-
ets in the first column of array 30 (ie. j=1), are then
transferred to the correspondmg output ports. As pack-
ets in the first column j=1 are transferred out, all pack-
ets stored behind them (ie. j=2, 3, 4. . . etc.) synchro-
nously move to the right by one column. In the final
step, packets in the input column 10 that have not al-
ready been placed in the array are offered to the newly
vacated Bth column. Any packets that cannot be placed
in column B are lost. The switch is then ready to receive
packets in the next time slot.

Accordmg to the present invention it has been recog-
nized that since the output addresses of the packets
stored in each column of array 30 are not repeated and
since an arriving packet is offered to a given column
before being offered to any other column to its left, it
can be concluded that at all time slots the number of
packets in any given column is greater than or equal to
the number of packets in the column to its immediate
left. In fact, if a given column contains a packet destined
for a particular output, then every column to its right
must also contain a packet destined for the same output.

Therefore according to an important aspect of the
present invention the placement of packets from the
input column 10 into the array 30 is implemented by
multiple applications of the following column-fill opera-
tion, with reference to the illustrative example shown
schematically in FIG. 1a. Step 1: Route the packets
from input column 10 to the empty entries in the first
column (j=1) of array 30, if the input column 10 con-
tains packets with the appropriate addresses. If there is
more than one packet with an address corresponding to
an empty entry, select only one of the packets to fill the
entry. Step 2: The packets in the input column that were
not placed in the first column (j= 1) are routed to the
second column (j=2) in array 30 using the same proce-
dure as in Step 1. The process of p]acmg packets from
the input column 10 in each successive array column is
continued until all packets have been placed, or until the
last or left-most column B in array 30 is reached. The
last column-fill operation takes place after the columns
in the array have been shifted to the right. Packets that
cannot be placed in the last column B are lost. There-
fore, according to the present invention the process of
placing input packets in an output buffered switch is
implemented by a series of column-fill operations.
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The column-fill operation needs to be modified in the
case where there are several classes of priority service.
Each time an input column is offered (ie. routed) to the
array, an input packet with a given destination address
is placed in the rightmost entry in the corresponding
row not already occupied by a packet of equal or higher
priority. Any displaced lower priority packet and all
packets to its left, if any, are then shifted to the left by
one column in the same row. In terms of the column-fill
operation, each time that an input column is offered to
an array column, an entry in the array column is filled
with an input packet that has a destination address cor-
responding to the entry, that has a priority higher than
that of the packet currently in the array column, and
that has priority higher than that of any other input
packet with the same destination address. When a
higher priority packet from the input column displaces

a lower priority packet in the array column, the dis-’

placed lower priority packet is placed in the input col-
umn. In order for the displaced packet to be able to
subsequently push back those packets that were to its
left in its output queue, the system of the present inven-
tion provides that an ageing field be incorporated into
the packet header.

Before describing a generalized embodiment for real-
izing the column-fill operation discussed above with
reference to FIG. 1g, it is necessary to consider the
packet header structure. The packet header, shown in
FIG. 2, consists of a split bit, an activity bit, an address
field, a priority field, and an age field. The split bit is
normally set to zero, except briefly during part of the
column-fill operation. The activity bit is used to deter-
mine whether an entry contains a packet (represented
by a zero bit) or is empty (represented by a one bit). The
address field contains the address of the output to which
the packet is destined. For a switch fabric with N output
ports, the address field requires [M=1log,N1 bits. The
priority field is optional and can be used to divide the
arriving packets into several service classes. Packets
having priority value i will be referred to herein as
class-i packets. Class O has the highest priority, class 1
has the second highest priority, etc. The age field is used
to maintain sequence within each priority class for each
input-output port pair. This is done by giving packets
that have stayed in the switch fabric for t time slots, t
levels lower in the age value over the new packets
belonging to the same input-output pair. The binary
number determined by the packet header, with the split
bit as the most significant bit, can be interpreted as
defining a larger set of priority classes. With this inter-
pretation, empty packets normally constitute the lowest
priority class.

The generalized embodiment of the column-fill net-
work according to the present invention for effecting
the column-fill operation described above, is shown in
FIG. 3. The column-fill network 50 is composed of a
sort network 60, a trap network 70, a sort network 80,
a routing network 90, and a delay circuit 96. The co-
lumn-fill network 50 operates on two columns of pack-
etsay, az ...,ayand by, by, ..., bg. The packets aj, ay,

.,ayand by, by, .. ., bxenter the network simulta-
neously, and the packets fi, f5, . .., fxyand g1, g2, . . .,
gk exit the network simultaneously after a fixed latency
time T sec. Packet a, corresponds to the nth entry of a
column in array (FIG. 1a), and bi corresponds to the
kth entry in an input column. The two columns may
contain empty entries. In this case, an empty entry is
represented by a packet with the activity bit set to one.
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Column fy, f5, . . ., fiycorresponds to the array column
after the column-fill operation has been carried out.
Therefore, f, is equal to a, unless a higher-priority
packet with destination n is found in the input column.
If one or more such higher priority packets are found,
then f, is equal to the input packet that has a destination
address corresponding to the entry and has priority
higher than that of any other input packet with the same
destination address. When a higher priority packet from
the input column displaces a lower priority packet in
the array column, the displaced lower priority packet is
placed in the input column. In the discussion above
empty packets are treated as belonging to the lowest
priority class. The packets in gj, g, . . . , gk consist of
all the packetsin aj, ay,...,ayand by, by, . .., by that
donot appear in f1, f, . . ., fv; and their order of appear-
ance does not matter.

The sort network 60 receives the packets ay, ay, . . . ,
ayand by, by, . . ., by and sorts them in ascending order
according to the split bit (which is set to zero), activity
bit, destination address bits, priority bits, and age bits to
produce the packetscy, €3, . . . , Cnyxin FIG. 3. Active
packets appear in the first part of ¢, ¢, . . ., Cy4.gand
empty packets appear in the latter part. Within the
active packets, packets are ordered according to desti-
nation, and for each destination according to priority
and age.

Among the packets destined for output port n, the
trap network 70 selects the packet of highest priority,
and if there is more than one such packet, it picks the
packet having the lowest age value. The first packet in
the sequence cy, ¢y, . . ., cy4 x With destination address
n satisfies the condition for selection. The trap network
identifies the first appearance of an address through an
address comparator circuit 71 that compares the desti-
nation fields in the headers of adjacent packets in the
sequence ¢y, €2, . . ., CN+k, and it modifies the split bit
according to the result of the comparison to produce
the packets d, do, . . . , dv4 k- There is no comparator
circuit associated with c; but a delay circuit 72 is in-
serted to compensate for the delay introduced in the
other comparator circuits 71. The comparator circuit
with inputs ¢; and cj41, is defined as being associated
with packet c; ;1. When a comparator circuit 71 identi-
fies that the two addresses are the same, the split bit of
the packet associated with the comparator is set to one,
the activity bit is left at “0”, and each bit in the destina-
tion, priority, and age fields is complemented. Thus the
header field of such packets begin with the bits “10”.
When the comparator circuit determines that the two
addresses are different, the associated packet is identi-
fied as the first occurrence of a particular destination
address in the sequence ¢y, ¢, . . ., cn+x, the split bit is
left at zero, and all other header bits are left unchanged.
Thus the header field of such packets begin with the bits
“00”. The split bit in empty packets is left at zero, so
their header fields begin with the bits “01”.

The sort network 80 in FIG. 3 sorts the packets dj,
dz, ..., dyyxin ascending order according to split bit,
activity bit, destination address bits, priority bits, and
age bits. At the output of the sort network 80, the split
bits of all packets are reset to zero, and the bits of the
destination, priority, and age fields of all packets exiting
the lower K outputs of the sorter, which include all the
packets which previously had a split bit=1, are comple-
mented in order to recover the original destination
addresses. In the sequence ey, €3, . . ., enix, packets
that entered the sort network 80 with the prefix “00”
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appear first in increasing order of destination address,
followed by the empty packets that entered the network
80 with the prefix “01” followed finally by packets that
entered the network 80 with the prefix “10”, in decreas-
ing order of destination address. Therefore the sequence
€1, €2, . . . , eNtk forms a circular bitonic list, as de-
scribed in J. Y. Hui, “Switching and Traffic Theory for
Integrated Broadband Networks” Kluwer Academic
Publishers, Boston, 1990. Thus the packets that are to be
stored in the array column appear in the upper portion
of ey, . . ., en. Packets that are to be placed in the input
column appear in the lower portion of exy.1, en4.2, . . .
» EN+K-

A.’;lon-blocking routing network 90 takes the packets
€1, €2, - . . , envand routes them to the appropriate out-
puts fi, 2, . . ., fvspecified by the destination address
field of each packet.

The packets ent 1, €N+2, - - - » EN+K are transferred
through a delay circuit 96 directly to the outputs g1, g,
. -+, gk. The delays in the circuit are designed so that
packets f1, 2, .. ., fvand g1, g2, - . ., gk appear simulta-
neously at the output of the column-fill network 50.

The packets in ey, €2, . . . , exare ordered according
to destination address and all empty packets appear in
the later portion of the sequence. The packets can there-
fore be routed in non-blocking fashion by the banyan
routing network of the type shown in FIG. 4.

The sort networks 60 and 80 can be implemented
using an (N+K)X(N+X) Batcher network (see K.
Batcher, “Sorting Networks and their Applications,”
Proc. AFIPS, pp. 307-314, 1968, and U.S. Pat. No.
3,428,946 (Batcher)).

The description to this point completes the imple-
mentation of the generalized column-fill network ac-
cording to the present invention.

The column-fill network 50 developed above can be
simplified significantly as described below. Firstly, it
may be .appreciated that the routing network 90 is only
required when the column-fill operation involves the
first column. If the first column j=1 is not involved,
then it is not yet necessary to route the packets to their
corresponding destination addresses. Therefore the
routing network 90 and the delay circuit 96 can be
removed. If this is done, then in subsequent column-fill
networks, the array column ay, ay, . . . , ajrand the input
column by, . . ., bxy will form a circular bitonic list. It is
well-known that a circular bitonic list can be sorted by
a banyan network for which the nodes are 2 X2 sorters
(see J. Y. Hui, “Switching and Traffic Theory for Inte-
grated Broadband Networks” Kluwer Academic Pub-
lishers, Boston, 1990, page 148). The sort network in
FIG. 3 can therefore be replaced by such a banyan
network. When the column-fill network 50 is imple-
mented with the sort network 60 using a banyan sorter,
and without the routing network 90 and the delay cir-
cuit the resulting simplified column-fill will be hence-
forth called the “streamlined column-fill network.”

An alternative implementation of the streamlined
column-fill network is as follows.

The trap network 70 and the sort network 80 in FIG.
3 can also be simplified by replacing them with a modi-
fied trap network, a running adder network (see the
Huang reference cited above), and a reverse banyan
network. The modified trap network performs as above
except that the bit complement operation is omitted.
The running adder network uses the results of the com-
parator circuits to steer the selected packets to ey, .. .,
en, and to steer the remaining packets to ens1, . .. ,
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8
en+k, The packets will appear in the same order as in
the above streamlined column-fill networks.

FIG. 5 is a block diagram of the packet switch ac-
cording to the preferred embodiment of the present
invention. The switch comprises a pre-sorting network
200, a nonblocking routing network 400, B-1 identical
modules 3001 to 300B-1 each consisting of a delay ele-
ment 3501 to 350B-1 and a column-fill network 3101 to
310B-1, and one module 300B consisting of a delay
element 350B and a column-fill network 310B that im-
plements buffer sharing. Illustratively, the delay ele-
ments can be implemented using shift registers. Alterna-
tive embodiments may use RAM devices or FIFO buff-
ers.

The switch in FIG. 5 implements the column-fill
operations described in the previous section in pipe-
lined and distributed fashion. The presorting network
200 and the routing network 400 are used only when the
streamlined column-fill network is adopted. When
streamlined column-fill networks are not used, the
switch operates in the following way. At the beginning
of each time slot, the switch accepts up to K packets
from its input lines, These packets correspond to an
input column 10 in FIG. 1. This input column is offered
to column 1 of array 30 in FIG. 1 which corresponds to
delay element 3501 in FIG. 5. The column-fill operation
is carried out and after a latency of Tr seconds the
packets selected for transmission to the output ports
appear at output O11At the same time, the remaining
packets appear at output Oy for another column-fill
operation with the next module 3002. Each time a
packet enters a delay element its age field is decre-
mented by one, unless the age field is already zero. The
process is continued until module 300B-1 which offers
the remaining input packets to the last module.

The last module 300B in FIG. 5 for each destination
selects the highest priority packets from both inputs I;z
and I>p, and then forwards them to the (B—1)th mod-
ule. The remaining packets are recirculated through its
delay element for contention in the next time slot. Any
excess packets that cannot be accommodated in the last
module will be dropped.

Packets are dropped in the following way. FIG. 6
shows that the shared buffer module can differ from a
column-fill module in that the size of the input column
and array column are not necessarily the same as those
at the output The sort network 60’ sorts the packets ay’,
ay,...,ap and by, b2, ..., bg in ascending order
according to split bit (which is set to zero), activity bit,
destination address bits, priority bits, and age bits to
produce the packets c1, ¢2', . . . ey x’. The trap net-
work 70’ operates in the same manner as trap network
70 in FIG. 3. The Sort network 80’ operates as follows:
first the packets d¢’, ds/, . . ., da-+ k' are sorted to pro-
duce a circular bitonic list of packets e’ 2, . . ., A
€N+1 - - - eM+ K in which packets with the prefix 00
appear first in increasing order of destination address,
followed by the empty packets with the prefix 01, fol-
lowed finally by packets with the prefix 10, in decreas-
ing order of original destination address. It is possible
for packets with index 10 to appear in the lower part of
ey, &', ..., ey’ which in the normal column-fill net-
work would be transferred to the delay element. The
remove stage 85’ replaces all packets with split bit equal
to one with empty packets, and forwards these packets
to a banyan routing network 90'. This requires changing
the split bit to zero and the activity bit to one. Packets
with the prefix 10 that are replaced by empty packets
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are lost. The packets f1', f2', . . . , i are then forwarded
to column-fill network B-1. The complement stage 86’
sets the split bit to zero, and complements the destina-
tion, priority, and age fields to recover the original
destination addresses, and forwards the packets to the
delay circuit 96". The resulting packets gi’, g2/, . . .,
gM+x--N form the array column that constitutes the
shared buffer because packets may have repeated ad-
dresses. When K =N all the lines from the delay circuit
96’ are connected to the input of module B. When K is
greater than N, packets g1’, . . ., gk—n' in FIG. 6 are
lost, and packets gx_—N+1', 8K—~N+2 - - - , EM+E- N are
recirculated back to the input ap, apr—-1', . . ., 21 of sort
network 60’. Note that the bottom output line from

delay network 96’ is connected to the top input line of 15

sort network 60". When K is less than N, packets
gM+K—N» ..., 81" in FIG. 6 are recirculated back to
inputs ay’, . . ., am4+ kN of sort network 60’ and empty
packets are input into ay+x—nN+1, .. ., ax.

Since a fixed delay, say Ty, is incurred traversing a
module, the time slots among the modules have to be
staggered. FIG. 7 shows the space-time diagram of the
staggered operation of the switching modules.

The switch according to the preferred embodiment
of FIG. § implements the required column-fill operation
during the first B-1 modules, thus implementing an
output buffered switch with B-1 buffers dedicated to
each output port. The last module implements buffer
sharing.

When the switch in FIG. 5 uses streamlined column-
fill networks, the presorting network 200 and the rout-
ing network 400 are required. The presorting network
accepts K incoming packets and sorts them in ascending
order based on the packet header values. In order to
present a circular bitonic list to the first streamlined
column-fill network, it is necessary to connect the out-
puts of the presorting network 200 to inputs of the
streamlined column-fill I in reverse order. The stream-
lined column-fill networks then operate as desired in
modules 1 up to B-1. The output packets from Oy, in the
first module are routed to their appropriate destination
output ports by the routing network 400. This routing
network can be implemented using a banyan routing
network. When streamlined column-fill networks are
used, the shared buffer module B can also be simplified.
The routing network 90’ and the delay circuit 96’ in
FIG. 6 can be omitted. The resulting outputs are con-
nected to module B-1 and to the input of module B in
the same manner as above. The inputs to the column-fill
network in module B now form a circular bitonic list so
sort network 60’ can be replaced by a banyan sorting
network. When using streamlined column-fill networks
packets are stored in the delay elements in FIG. 5 as
shown in FIG 15.

The trap network 70" and the sort network 80’ in
FIG. 6 can also be simplified by replacing them with a
modified trap network, 2 running adder network and a
reverse banyan network. The modified trap network
performs as above except that the bit complement oper-
ation is omitted. The running adder network uses the
results of the comparator circuits to produce the circu-
lar bitonic list e1’, e2', . .., enN, en+1, . . . em+k’. The
remove stage 85 replaces all packets with split bit equal
to one with empty packets. The complement stage 86’ is
not required.

A switch is said to maintain packet sequence if pack-
ets belonging to each input-output port combination
and within the same priority class exit the switch in the
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same order as they enter, except for possible “gaps” at
the output due to packet loss. To see how packet se-
quence is maintained within the same priority class, one
may consider the situation where an input packet des-
tined for a particular Output enters the first module
3001 in FIG. 5. If there is a packet destined for the same
output in the delay element of the first module, then the
sort network 60 in FIG. 3 will place the packet from the
delay element 3501 in FIG. 5 on a higher output line
than the input packet. This is because the packet from
the delay element has a lower age value (i.e. has been
present in the switch longer). Whenever the outputs of
the sort network 60 in FIG. 3 contain duplicates, the
column-fill network 3101 in FIG. 5 sends the packet
located at the highest line to Oy}, and the rest to O;. In
this example, the (old) packet from the delay element
3501 will be transmitted to the routing network 400 if
any while the other (new) packet will be sent to the
second module 3002 to undergo another column-fill
process. If there is another packet with the same output
address found in the second module, that packet will be
forwarded to the first module 3001 while the new
packet will be forwarded to the third module 3003.
Hence, this new packet must wait until all previous
packets with the same address have exited the switch
before it can be transmitted out. Therefore, packet se-
quencing is guaranteed as long as the age value does not
reach zero.

The basic switch architecture of the preferred em-
bodiment shown in FIG. 5 consists of multiple identical
modules connected in series. One contemplated alterna-
tive embodiment of the invention utilizes only one co-
lumn-fill network 800 and uses time sharing as shown in
FIG. 8. The presorter 200 and the routing network 400
still run at the same speed as the external clock rate,
consistent with the preferred embodiment of FIG. 5.
However, the column-fill network 800 is adapted to run
B times faster than any one of the networks 3101 to
310B in the preferred embodiment, where B is the depth
of the buffer module. A buffer module 801 is used to
store the results of successive column-fill operations as
performed by successive ones of the modules 3001 to
3008 in the embodiment of FIG. 5. A holding buffer 802
is used to temporarily hold residual input packets for
processing in the column-fill network 800 (ie. corre-
sponding to the packets applied to the inputs Iy, to Iz
in the preferred embodiment). In the embodiment
shown, it is assumed that the shared memory delay
element (the rightmost element in 801) and holding
buffer 802 are also of size N.

Suppose the duration of a time slot at the external rate
is T sec. Then at the beginning of every time slot, S;
connects to its upper pole for T/B seconds. Note that
the rate adaptation circuit 803 is necessary to provide
rate matching between the external rate and the co-
lumn-fill network rate. At this point S, is in the position
such that the packets in the lefimost element 801 with
unique addresses will be sent to the routing network (as
shown in FIG. 8). During the next T—T/B sec., Sy
connects to the lower pole. S slides to the next storage
element on the right, each for T/B sec. The column-fill
operation is executed at this phase. At the end of a time
slot, S1 moves back the upper pole, S; returns to the far
left, and the whole process repeats.

As an alternative time sharing of a single column-fill
network 800, when the column-fill network operates at
B/n times faster then n synchronized column-fill net-
works may be used.
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In traditional stored program control telephone
switching the switch fabric control and the information
transfer parts are separate. A central control sets the
connections required to effect the flow of information
from the input of the switch to the output. The packet
switch architecture presented above does not follow
this approach in that the control and transfer are real-
ized by the same hardware. This involves inefficient use
of resources much like in-band signalling is inefficient
relative to out-of-band signalling is telephone networks.
According to a further embodiment of the invention, a
packet switch is provided which separates the control
and packet transfer functions.

FIG. 9 shows a packet switch architecture with cen-
tralized control 500. Packets that arrive from the switch
interface are stored in memory 600. Henceforth, such
packets will be referred to as full packets. The memory
location of a full packet is appended to a replica of its
header to create a new minipacket. An input column
consisting of minipackets is offered to central control
500 which consists of the packet switch with the pre-
ferred architecture shown in FIG. 5. The output of the
central control 500 is a column of minipackets specify-
ing the locations of the full packets that are to be trans-
mitted at a given time slot. These output columns of
minipackets are used to control the reading out of pack-
ets to the output of the packet switch by memory con-
troller 530. In order to operate synchronously with the
input packets, the central control needs to produce one
output column per full packet transmission time, i.e. one
time slot. If R is the ratio of the number of bits in a
full-packet to those in a minipacket, then the packet
switch 510 (see FIG. 10) inside the central control 500
can operate R times slower than the switch input line
speed.

FIG. 10 shows a possible embodiment of the memory
structure 600. Incoming full packets on K input lines are
first shifted into the shift registers 610. Each shift regis-
ter 610 stores one full packet. The input full packets are
written 1o a central random access memory 620 sequen-
tially one at a time, and the corresponding address loca-
tion is produced on line 630 and copies to the mini-
packet corresponding to that line. This particular em-
bodiment requires that full packets are offered to the
memory input in staggered fashion, with each packet
being staggered by the full packet length divided by K.
During each time slot, the central control 508 produces
a column of minipackets via minipacket generator 520
that are used to select the address of the memory loca-
tions of the full packets that are to be read out. The
memory controller 530 supplies the locations to the
RAM 620 so that the full packets can be retrieved and
read out one packet at a time. The packets are read out
in staggered fashion to an output interface comprising
shift registers 615, which aligns the packets for synchro-
nous transmission if necessary.

Other alternative embodiments and variations of the
invention are possible within the sphere and scope of
the claims appended hereto.

We claim:

1. A method of switching an input column of data
packets having predetermined destination addresses and
predetermined priority values through a two-dimen-
sional buffer array having a plurality of output queues in
the form of a predetermined number of rows identified
by respective corresponding ones of said destination
addresses, each of said rows being a predetermined
number of columns in width, wherein a first end column
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of said array functions as an output of the array, com-
prising the steps of:

a) interchanging predetermined ones of said data
packets having different destination addresses with
respective row entries in said first end column
identified by said respective corresponding destina-
tion addresses which are either empty or in which
data packets having lower priority values are
stored;

b) interchanging remaining ones of said data packets
and displaced ones of said data packets having
lower priority values with successive row entries
identified by said respective corresponding destina-
tion addresses which are either empty or in which
data packets having lower priority values are
stored in successive adjacent columns; and

c) shifting said data packets oné column toward said
first end column, such that said data packets in said
first end column are output from the array.

2. The method of claim 1 further comprising the step
of transferring any further remaining data packets to
successive empty row entries of a further end column of
said array opposite to said first end column in ascending
order of said destination addresses and descending
order of priority, irrespective of whether or not said
destination addresses are different, and discarding any
packets remaining after each entry of said further end
column has been filled.

3. An output-buffered packet switch, comprising:

a) a plurality of switch input lines for receiving a
column of switch input data packets having prede-
termined destination addresses and predetermined
priority values;

b) a plurality of switch output lines for transmitting a
column of switch output data packets having asso-
ciated destination addresses in corresponding ones
of said output lines;

c) a predetermined number of modules connected in
series with one another, each of said modules com-
prising storage locations which always contain
either packets that contain data or empty packets
corresponding to a column of an array wherein
each of said data packets have associated destina-
tion addresses in corresponding row entries of said
array;

d) means within a first module for:

i) receiving from the switch input lines a column of
input data packets having predetermined destina-
tion addresses and predetermined priority val-
ues;

ii) routing out to the switch output lines an output
array column in which each row entry contains
the highest priority packet with the associated
destination address from a set of packets con-
tained in the column of input data packets and
said storage locations associated with said first
module;

iii) shifting out to an adjacent one of said modules
a new input column consisting of all remaining
data packets from said set; and

iv) shifting in to the storage locations associated
with said first module a further column of data
packets from said adjacent one of said modules;
and

€) means within remaining successive modules for:
i) receiving from said first module or a preceding

module said new input column of data packets
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having predetermined destination addresses and
predetermined priority values;

i) routing out to said first module or the preceding
module a new output array column in which
each row entry contains the highest priority
packet with the associated destination address
from a further set of packets contained in said
new input column and said storage locations
associated with respective ones of said remaining
successive moduies;

iii) shifting out a further new input column consist-
ing of all remaining data packets from said fur-
ther set; and

iv) shifting into said storage locations associated
with respective ones of said remaining successive
modules said new output array column from any
succeeding module.
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a plurality of address bits defining an output ad-
dress to which the packet is destined;

a plurality of priority bits for identifying said pre-
determined priority value in terms of a predeter-
mined class of service of said packet; and

a plurality of age bits for maintaining sequence
within each priority class of service; and

b) means for initiating each of said age bits for each of

said switch input data packets that contain data,
and means for decrementing said age bits of each of
said data packets that contain data by one, unless
said age bits are all zero, upon shifting in of each of
said data packets that contain data into any one of
said storage locations,

wherein said generalized column-fill network further

comprises:
1) a first sort network for receiving and sorting the

packetsay, a3, ...,a,and by, by. . ., brin ascend-

4. The packet switch of claim 3, comprising a < ing order according to said split bit, activity bit,

module connected to said plurality of series connected

- f 20 address bits, priority bits, and age bits, and in
:lo('ld:ﬂ:;:: &mnsﬁg&glﬁéggll:?;‘of said array, response generating intermediate data packets
o CL,CLh..., CN+K;

1) receiving from an end one of said remaining succes-

sive modules said further new input column of
input data packets having predetermined destina-
tion addresses and predetermined priority values;
ii) routing out to said end one of said remaining suc-
cessive modules a further new output array column
in which each row entry contains the highest prior-
ity packet with the associated destination address
from an additional set of packets contained in said
further new input column and said storage loca-
tions associated with said further module;

iii) shifting back to said storage locations associated
with said further module as many remaining data
packets from said additional set as can be accom-
modated in successive empty row entries thereof,
in ascending order of said destination addresses and
descending order of priority, irrespective of
whether or not said destination addresses are differ-
ent; and

iv) discarding any remaining packets that cannot be
accommodated in the said storage locations associ-
ated with said further module.

5. The packet switch of claim 4, wherein each of said

modules further includes:

a) a generalized column-fill network connected to
said storage locations associated with each of said
modules for receiving data packets denoted as aj,
ay, . . . an; wherein a, corresponds to the nth entry
of said storage locations associated with each of
said modules, and further data packets denoted as
by, by, ..., by where bgcorresponds to the kth entry
of any one of said column of input data packets,
said new input column of data packets, and said
further new input column, and in response generat-
ing data packets denoted as f1, f5, . . ., farfor output
as any one of either said new input column of data
packets, and said further new input column and
generating data packets denoted as g1, g3. . ., gxfor
output as any one of either said output column, said
new output array column or said further new out-
put array column, wherein each of said data pack-
ets aj, a2, . . ., ayand by, ba. . ., brincludes:
a split bit which is initially set to zero;
an activity bit which is set to zero in the event the
packet contains data and is set to one in the event
the packet contains no data;
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“ii) a trap network for receiving and comparing
successive pairs of said intermediate data packets
C1, €2, . . ., CN+ K and in response generating a
further plurality of data packets dj, dy, . . . ,
dn+k, wherein said trap network comprises a
plurality of comparators for comparing the ad-
dress bits of said successive pairs of said interme-
diate data packets cy, ¢z, . . ., ¢tk each packet
Cj+1 having associated therewith one of said
comparators having a pair of inputs c; and Cit1
such that when one of said comparators deter-
mines that two addresses are the same, the split
bit of the packet associated with said one of said
comparators is set to one, the activity bit is left at
zero, and said address, priority, and age bits are
complemented, whereby the resulting packet
begins with the bits “10”, and when said one of
said comparators determines that two addresses
are different, the associated packet is identified as
the first occurrence of a particular destination
address in the sequence cy, c, . . ., CN+K, the
split bit is left at zero, and all other header bits
are left unchanged, whereby the resulting packet
begins with the bits “007, and the first two bits of
any packet which contains no data are “01” since
the split bit is Left at zero in such packets;

iif) a second sort network for sorting said data packets

di, dz. .., dytxaccording to said split bit, activity
bit, destination address bits, priority bits, and age
bits and in response generating a plurality of sorted
data packets ey, €, . . . , en4 g in which the split bit
for each of said packets ey, ey, . . ., €N+, is Teset
to zero, and in which the address bits, priority bits,
and age bits of all packets having said split bits set
to one of said data packets dy, ds, . . ., dnyx are
complemented in order to recover said destination
address bits, priority bits and age bits thereof which
were previously complemented, and wherein pre-
determined ones of said packets dj, dy, . . ., dv+k
having a split bit of zero and an activity bit of zero
appear first in ey, €y, . . . , ey kin increasing order
of destination address, followed by predetermined
ones of said packets dj, dy, . . ., dn4x with no data
and a split bit of zero and activity bit of one, fol-
lowed finally by further predetermined ones of said
packets dy, dy, . . ., dvx having a split bit of one
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and an activity bit of zero, in decreasing order of
destination address;
iv) a non-blocking routing network for reordering
data packets ey, €3, . . . , enaccording to destination

16
bits of said successive pairs of said intermediate
data packets ci, €2, . . ., CN+k each packet cji1
having associated therewith one of said compara-
tors having a pair of inputs ¢; and c;1; such that

address and in response generating said output data 5 when one of said comparators determines that two
packets f, f2, . . ., fi; and addresses are the same, the split bit of the packet
v) a delay circuit for delaying data packets ey 1, associated with said one of said comparators is set
€N+2, - - - » €N+ k and in response generating said to one, the activity bit is left at zero, whereby the
output data packets g1, g2, . - - , g simultaneously resulting packet begins with the bits “10”, and
with generation of said output data packets fi, £, . 10 when said one of said comparators determines that
... In two addresses are different, the associated packet is
6. The packet switch of claim §, wherein said non- identified as the first occurrence of a particular
blocking routing network is a2 banyan network. destination address in the sequence ¢y, ¢, . . .,
7. The packet switch of claim 5, wherein the said first CN+k, the split bit is left at zero, and all other
sort network is a Batcher network. 15 header bits are left unchanged, whereby the result-
8. The packet switch of claim 5, wherein the said ing packet begins with the bits “00”, and the first
second sort network is a Batcher network. two bits of any packet which contains no data are
9. The packet switch of claim 4, wherein each of said “01” since the split bit is left at zero in such packets;
modules further includes: iii) a running adder and reverse banyan network for
a) a generalized column-fill network comnected to 20 sorting said data packets dy, dy, . . . , dy gaccord-
said storage locations associated with each of said ing to said split bit, activity bit, destination address
modules for receiving data packets denoted as aj, bits, priority bits, and age bits and in response gen-
az, ..., ay, wherein a, corresponds to the nth entry erating a plurality of sorted data packets ey, e, . . .
of said storage locations associated with each of » €N+ kin which the split bit for each of said packets
said modules, and further data packets denoted as 25 e1, €2, . . . , is reset to zero, and wherein predeter-
b1, b, ..., by where bx corresponds to the kth entry mined ones of said packets d, dy, .. . , dy+ g having
of any one of said column of input data packets, a split bit of zero and an activity bit of zero appear
said new input column of data packets, and said first in ey, €2, . . . , en4k in increasing order of
further new input column, and in response generat- destination address, followed by predetermined
ing data packets denoted as 3, f3, . . . , fyfor output 30 ones of said packets dy, da, . . ., dyx with no data
as any one of either said new input column of data and a split bit of zero and activity bit of one, fol-
packets, and said further new input column and lowed finally by further predetermined ones of said
generating data packets denoted as gi, g2, . . . , gk packets dj, do, . . ., dyyx having a split bit of one
for output as any one of either said output column, and an activity bit of zero, in decreasing order of
said new output array column or said further new 35 destination address;

output array column, wherein each of said data iv) a non-blocking routing network for reordering
packets a1, a3, . .., ayand by, by, . . ., brincludes: data packets €1, €2, . . ., eyaccording to destination
a split bit which is initially set to zero; address and in response generating said output data

an activity bit which is set to zero in the event the packets fi, f5, . . ., fz; and
packet contains data and is set to one in the event 40 v) a delay circuit for delaying data packets eN+1,

the packet contains no data;

a plurality of address bits defining an output ad-
dress to which the packet is destined;

a plurality of priority bits for identifying said pre-

eN+2, - - - , €N+ k and in response generating said

output data packets g, g2, . . . , g« simultaneously

with generation of said output data packets f}, f, .
.,

determined priority value in terms of a predeter- 45  10. The packet switch of claim 9, wherein said non-

mined class of service of said packet; and blocking routing network is a banyan network.
a plurality of age bits for maintaining sequence 11. The packet switch of claim 9, wherein the said
within each priority class of service; and sort network is a Batcher network.
b) means for initiating each of said age bits for each of 12. The packet switch of claim 3, wherein each of said
said switch input data packets that contain data, 50 modules further includes:
and means for decrementing said age bits of each of a) a generalized column-fill network connected to
said data packets that contain data by one, unless said storage locations associated with each of said
said age bits are all zero, upon shifting in of each of modules for receiving data packets denoted as a;,
said data packets that contain data into any one of ay, .. ., aN, wherein a, corresponds to the nth entry
said storage locations, 55 of said storage locations associated with each of
wherein said generalized column-fill network further said modules, and further data packets denoted as
includes: b1, b2, . .., by where brcorresponds to the kth entry
i) a sort network for receiving and sorting the pack- of any one of said column of input data packets,
etsay, a,...,anvand by, by, ..., byin ascending said new input column of data packets, and said
order according to said split bit, activity bit, 60 further new input column, and in response generat-
address bits, priority bits, and age bits, and in ing data packets denoted as f1, f, . . ., fxfor output
response generating intermediate data packets as any one of either said new input column of data
i) a modified trap network for receiving and compar- packets, and said further new input column and
ing successive pairs of said intermediate data pack- generating data packets denoted as g1, g2. . ., gz for
ets ¢y, ¢, . . ., cNyx and in response generating a 65 output as any one of either said output column, said
further plurality of data packets dj, da, . . ., AN+, new output array column or said further new out-
wherein said modified trap network comprises a put array column, wherein each of said data pack-

plurality of comparators for comparing the address ets aj, az, ..., ayand by, by. . ., brincludes:
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a split bit which is initially set to zero; order of destination address, followed by prede-
an activity bit which is set to zero in the event the termined ones of said packets di, dy, ..., d N+K
packet contains data and is set to one in the event with no data and a split bit of zero and activity
the packet contains no data; bit of one, followed finally by further predeter-
a plurality of address bits defining an output ad- 5 mined ones of said packets di, da, . . ., dyag
dress to which the packet is destined; having a split bit of one and an activity bit of
a plurality of priority bits for identifying said pre- zero, in decreasing order of destination address;
determined priority value in terms of a predeter- iv) a non-blocking routing network for re-ordering
mined class of service of said packet; and data packets ey, €2, . . . , ey according to destina-
a plurality of age bits for maintaining sequence 10 tion address and in response generating said out-
within each priority class of service; and put data packets f1, f5, . . ., f; and
b) means for initiating each of said age bits for each of v) a delay circuit for delaying data packets eN+K,
said switch input data packets that contain data, eN+K; - - - » €N+ kand in response generating said
and means for decrementing said age bits of each of output data packets g1, g2, . . . , gk simultaneously
said data packets that contain data by one, unless 15 with generation of said output data packets i, f5,
said age bits are all zero, upon shifting in of each of B 733
said data packets that contain data into any one of 13. The packet switch of claim 12, wherein said non-
said storage locations, blocking routing network is a banyan network.
wherein said generalized column-fill network further 14. The packet switch of claim 12, wherein the said
comprises: 20 first sort network is a Batcher network.
1) a first sort network for receiving and sorting the 15. The packet switch of claim 12, wherein the said
packets a3, a3, - . ., ayand by, bz. . ., bgin ascend- second sort network is a Batcher network.
ing order according to said split bit, activity bit, 16. The packet switch of claim 3, wherein each of said
address bits, priority bits, and age bits, and in modules further includes:
response generating intermediate data packets 25 a) a gemeralized column-fill network connected to

C1, C2 .. » CN+ K

ii) a trap network for receiving and comparing
successive pairs of said intermediate data packets
€1, €2, - - . , CN+k and in response generating a
further plurality of data packets dj, da, . . .,
dn+k, wherein said trap network comprises a
plurality of comparators for comparing the ad-
dress bits of said successive pairs of said interme-
diate data packets cj, ¢z, . . ., cy+k each packet
cj+1 having associated therewith ome of said
comparators having a pair of inputs ¢;and ¢j 1
such that when one of said comparators deter-
mines that two addresses are the same, the split
bit of the packet associated with said one of said
comparators is set to one, the activity bit is left at
zero, and said address, priority, and age bits are
complemented, whereby the resulting packet
begins with the bits ““10”, and when said one of
said comparators determines that two addresses
are different, the associated packet is identified as
the first occurrence of a particular destination
address in the sequence cy, €3, . . ., cN+K, the
split bit is left at zero, and all other header bits
are left unchanged, whereby the resulting packet
begins with the bits “00”, and the first two bits of
any packet which contains no data are “01” since
the split bit is Left at zero in such packets;

iii) a second sort network for sorting said data
packets dy, dz . . . , dv+kx according to said split
bit, activity bit, destination address bits, priority
bits, and age bits and in response generating a
plurality of sorted data packets ey, €2, .. ., eNatK
in which the split bit for each of said packets e,
€2 ..., eN+K, is reset to zero, and in which the
address bits, priority bits, and age bits of all pack-
ets having said split bits set to one of said data
packets dy, dy, . . ., dy+x are complemented in
order to recover said destination address bits,
priority bits and age bits thereof which were
previously complemented, and wherein prede-
termined ones of said packets dj, d1, . . ., dyyx
having a split bit of zero and an activity bit of
zero appear firstin ey, €z, . . ., ey4 gin increasing
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said storage locations associated with each of said
modules for receiving data packets denoted as aj,
ay, .. ., aN, wherein a, corresponds to the nth entry
of said storage locations associated with each of
said modules, and further data packets denoted as
b1, b, . . ., by where b corresponds to the kth entry
of any one of said column of input data packets,
said new input column of data packets, and said
further new input column, and in response generat-
ing data packets denoted as fy, f, . . ., fyfor output
as any one of either said new input column of data
packets, and said further new input column and
generating data packets denoted as gi, g, . . ., gk
for output as any one of either said output column,
said new output array column or said further new
output array column, wherein each of said data
packets aj, @, ..., ayand by, by, . . ., brincludes:

a split bit which is initially set to zero;

an activity bit which is set to zero in the event the
packet contains data and is set to one in the event
the packet contains no data;

a plurality of address bits defining an output ad-
dress to which the packet is destined;

a plurality of priority bits for identifying said pre-
determined priority value in terms of a predeter-
mined class of service of said packet; and

a plurality of age bits for maintaining sequence
within each priority class of service; and

b) means for initiating each of said age bits for each of

said switch input data packets that contain data,
and means for decrementing said age bits of each of
said data packets that contain data by one, unless
said age bits are all zero, upon shifting in of each of
said data packets that contain data into any one of
said storage locations,

wherein said generalized column-fill network further

includes:

1) a sort network for receiving and sorting the pack-
etsaj, az, ..., avand by, by, . . ., brin ascending
order according to said split bit, activity bit,
address bits, priority bits, and age bits, and in
response generating intermediate data packets
C1, €2 - -, CN1K;
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ii) a modified trap network for receiving and com-
paring successive pairs of said intermediate data
packets c1, €3, . . ., cyyk and in response gener-
ating a further plurality of data packets dj, dy, . .

20
©) a plurality of switch output lines for transmitting a
column of switch output data packets having asso-
ciated destination addresses in corresponding ones
of said output lines;

- » Av4+k, wherein said modified trap network 5  d) an output routing network for placing an output
comprises a plurality of comparators for compar- array column of data packets on the said plurality
ing the address bits of said successive pairs of of switch output lines;
said intermediate data packets ¢, €3, . . . , CN+K €) a predetermined number of series connected mod-
each packet cj.1 having associated therewith ules, each of said modules comprising storage loca-
one of said comparators having a pair of inputs 10 tions which always contain either packets that
¢jand ¢j41 such that when one of said compara- contain data or packets that do not contain data
tors determines that two addresses are the same, corresponding to a column of an array wherein
the split bit of the packet associated with said one each of said data packets have different destination
of said comparators is set to one, the activity bit addresses;
is left at zero, whereby the resulting packet be- 15 ) means within a first module for:
gins with the bits “10”, and when said one of said i) receiving the said presorted input column;
comparators determines that two addresses are ii) routing out to the said output routing network
different, the associated packet is identified as - the said output array column of data packets
the first occurrence of a particular destination which for each destination address contains the
address in the sequence ci, ¢z, . . . , CA+ K, the 20 highest priority packet from a set of packets
split bit is left at zero, and all other header bits contained in the column of input data packets
are left unchanged, whereby the resulting packet and said storage locations associated with said
begins with the bits “00”, and the first two bits of first module;
any packet which contains no data are “01” since iii) shifting out to an adjacent one of said modules
the split bit is left at zero in such packets; 25 a new input column consisting of all remaining
iii) a running adder and reverse banyan network for data packets from said set; and
sorting said data packets dy, da, . . . , dNt+k ac- iv) shifting in to the storage locations associated
cording to said split bit, activity bit, destination with said first module a new output array col-
address bits, priority bits, and age bits and in umn of data packets from said adjacent one of
response generating a plurality of sorted data 30 said modules; and
packets ey, e, . . ., ey4.xin which the split bit for g) means within remaining successive modules for:
each of said packets ey, ez, . . . , ey ks reset to i) receiving from a preceding module said new
zero, and wherein predetermined ones of said input column of data packets having predeter-
packets di, dy, . . . , dyyx having a split bit of mined destination addresses and predetermined
zero and an activity bit of zero appear first in e, 35 priority values;
€2, ..., eNykin increasing order of destination ii) routing out to the preceding module said new
address, followed by predetermined ones of said output array column which for each destination
packets di, da, . . ., dy+ g with no data and a split address contains the highest priority packet from
bit of zero and activity bit of one, followed fi- a further set of packets contained in said new
nally by further predetermined ones of said pack- 40 input column and said storage locations associ-
etsdi, dy, . . ., dvyxhaving a split bit of one and ated with respective ones of said remaining suc-
an activity bit of zero, in decreasing order of cessive modules;
destination address; iii) shifting out a further new input column consist-
iv) a non-blocking routing network for re-ordering ing of all remaining data packets from said fur-
data packets ey, ey, . . ., eyaccording to destina- 45 ther set; and
tion address and in response generating said out- iv) shifting in to said storage locations associated
put data packets fi, f2, .. ., f5; and with respective ones of said remaining successive
v) a delay circuit for delaying data packets ey, modules said new output array column from any
eN+K - - - » €N+ £k and in response generating said succeeding module.
output data packets g1, g2, . . ., gksimultaneously 50  20. The packet switch of claim 19, comprising a fur-

ther module connected to said plurality of series con-
nected modules corresponding to the last column of
said array, and means within said further module for:
i) receiving from an end one of said remaining succes-
sive modules said further new input column of
input data packets having predetermined destina-

with generation of said output data packets f7, fa,
e :
17. The packet switch of claim 16, wherein said non-
blocking routing network is a banyan network.
18. The packet switch of claim 16, wherein the said 55
sort network is a Batcher network.

19. An output-buffered packet switch, comprising:
a) a plurality of switch input lines for receiving a
column of switch input data packets having prede-

tion addresses and predetermined priority values;
if) routing out to said end one of said remaining suc-
cessive modules a further new output array column

termined destination addresses and predetermined 60 containing the highest priority packet for each

priority values; destination address from an additional set of pack-
b) a presorting network for sorting said column of ets contained in said further new input column and

switch input data packets and in response generat- said storage locations associated with said further

ing a presorted input column with successive row module;

entries containing packets with data in ascending 65  iii) shifting back to said storage locations associated

order of predetermined destination addresses and
descending order of predetermined priority values
followed by empty packets;

with said further module as many remaining data
packets from said additional set as can be accom-
modated in successive empty row entries thereof,
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in ascending order of said destination addresses and
descending order of priority, irrespective of
whether or not said destination addresses are differ-
ent; and

iv) discarding any remaining packets that cannot be
accommodated in the said storage locations associ-
ated with said further module.

21. The packet switch of claim 20, wherein each of

said modules further includes:

a) a streamlined column-fill network connected to
said storage locations associated with each of said
modules for receiving data packets denoted as aj,
az, ..., an, wherein a, corresponds to the nth entry
of said modules for receiving data packets denoted
as aj, a, . . . , aN, wherein a storage locations asso-
ciated with each of said modules, and further data
packets denoted as b; by, . . ., bx where bg corre-
sponds to the kth entry of any one of said column
of input data packets, said new input column of
data packets, and said further new input column,
and in response generating data packets denoted as
fi, f2, . . ., fiv for output as any one of either said
new input column of data packets, and said further
new input column and generating data packets
denoted as g1, g2, . . . , gk for output as any one of
either said output column, said new output array
column or said further new output array column,
wherein each of said data packets aj, az, . . ., an,
and by by, . . ., by includes:

a split bit which is initially set to zero;

an activity bit which is set to zero in the event the
packet contains data and is set to one in the event
the packet contains no data;

a plurality of address bits defining an output ad-
dress to which the packet is destined;

a plurality of priority bits for identifying said pre-
determined priority value in terms of a predeter-
mined class of service of said packet; and

a plurality of age bits for maintaining sequence
within each priority class of service; and

b) means for initiating each of said age bits for each of

said switch input data packets that contain data,
and means for decrementing said age bits of each of
said data packets that contain data by one, unless
said age bits are all zero, upon shifting in of each of
said data packets that contain data into any one of
said storage locations,

wherein said streamlined column-fill network further

comprises: )
1) a first sort network for receiving and sorting the
packetsay, a,...,ayand b1 by, ..., bgin ascend-

ing order according to said split bit, activity bit,
address bits, priority bits, and age bits, and in
response generating intermediate data packets
C1, €2, .. - » CN+K;

i) a trap network for receiving and comparing
successive pairs of said intermediate data packets
C1, 2, . . ., cN+k and in response generating a
further plurality of data packets dy, da, . . .,
dy4x wherein said trap network comprises a
plurality of comparators for comparing the ad-
dress bits of said successive pairs of said interme-
diate data packets ci, ¢, . . . , CN+K, each packet
¢j+1 having associated therewith one of said
comparators having a pair of inputs ¢;jand c¢j;1
such that when one of said comparators deter-
mines that two addresses are the same, the split
bit of the packet associated with said one of said
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comparators is set to one, the activity bit is left at
zero, and said address, priority, and age bits are
complemented, whereby the resulting packet
begins with the bits “10”, and when said one of
said comparators determines that two addresses
are different, the associated packet is identified as
the first occurrence of a particular destination
address in the sequence ¢y, ¢, . . ., cN4k, the
split bit is left at zero, and all other header bits
are left unchanged, whereby the resulting packet
begins with the bits “00”, and the first two bits of
any packet which contains no data are “01” since
the split bit is left at zero in such packets; and
iii) a second sort network for sorting said data
packets dy, do, . . . , dnv+k according to said split
bit, activity bit, destination address bits, priority
bits, and age bits and in response generating said
output data packets e, €3, . . ., ex+x in which
the split bit for each of said packets ey, ey, . . .,
eN+K IS reset to zero, and in which the address
bits, priority bits, and age bits of all packets hav-
ing said split bits set to one of said data packets
di, da, . . ., dN4 x are complemented in order to
recover said destination address bits, priority bits
and age bits thereof which were previously com-
plemented, and wherein predetermined ones of
said packets dj, dy, . . . , Ay x having a split bit
of zero and an activity bit of zero appear first in
€1, €, - - . , eN+ K in increasing order of destina-
tion address, followed by predetermined ones of
said packets dj, dy, . . . , dy+x with no data and
a split bit of zero and activity bit of one, followed
finally by further predetermined ones of said
packets dy, do, . . ., dvy xhaving a split bit of one
and an activity bit of zero, in decreasing order of
destination address.

22. The packet switch of claim 21, wherein said first
sort network further comprises a banyan network
whose nodes are 2 X2 sorters.

23. The packet switch of claim 21, wherein said first
sort network further comprises a Batcher network.

24. The packet switch of claim 21, wherein said sec-
ond sort network comprises a Batcher network.

25. The packet switch of claim 21, wherein said pre-
sorting network further comprises a Batcher network.

26. The packet switch of claim 21, wherein said out-
put routing network further comprises a banyan net-
work.

27. The packet switch of claim 20, wherein each of
said modules further includes:

a) a streamlined column-fill network connected to
said storage locations associated with each of said
modules for receiving data packets denoted as aj,
az, ..., aN, wherein a, corresponds to the nth entry
of said storage locations associated with each of
said modules, and further data packets denoted as
b1, b2, . . ., bz, where bg corresponds to the kth
entry of any one of said column of input data pack-
ets, said new input column of data packets, and said
further new input column, and in response generat-
ing data packets denoted as 1, f, . . ., fyfor output
as any one of either said new input column of data
packets, and said further new input column and
generating data packets denoted as g1, g2, - - ., gk
for output as any one of either said output column,
said new output array column or said further new
output array column, wherein each of said data
packets aj, ag, . . ., ayand by, by, . . ., bgincludes:
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a split bit which is initially set to zero;

an activity bit which is set to zero in the event the
packet contains data and is set to one in the event
the packet contains no data;

a plurality of address bits defining an output ad-
dress to which the packet is destined;

a plurality of priority bits for identifying said pre-
determined priority value in terms of a predeter-
mined class of service of said packet; and

a plurality of age bits for maintaining sequence
within each priority class of service; and

b) means for initiating each of said age bits for each of
said switch input data packets that contain data,
and means for decrementing said age bits of each of
said data packets that contain data by one, unless
said age bits are all zero, upon shifting in of each of
said data packets that contain data into any one of
said storage locations,

wherein said streamlinred column-fill network further

comprises:

i) a sort network for receiving and sorting the pack-
etsaj, ay, ..., ayand by, by, .. ., brin ascending
order according to said split bit, activity bit,
address bits, priority bits, and age bits, and in
response generating intermediate data packets
C1,C2 ..., CN4+K;

ii) a modified trap network for receiving and com-
paring successive pairs of said intermediate data
packets ¢y, €2, . . ., cy+xand in response gener-
ating a further plurality of data packets dy, dy, . .
. » dyyk wherein said modified trap network
comprises a plurality of comparators for compar-
ing the address bits of said successive pairs of
said intermediate data packets ¢i, ¢2. . ., CN K,
each packet cji1 having associated therewith
one of said comparators having a pair of inputs
cjand cj+.1 such that when one of said compara-
tors determines that two addresses are the same,
the split bit of the packet associated with said one
of said comparators is set to one, the activity bit
is left at zero, whereby the resulting packet be-
gins with the bits “10”, and when said one of said
comparators determines that two addresses are
different, the associated packet is identified as
the first occurrence of a particular destination
address in the sequence cy, €2, . . . , Nk the split
bit is left at zero, and all other header bits are left
unchanged, whereby the resulting packet begins
with the bits “00”, and the first two bits of any
packet which contains no data are “01” since the
split bit is left at zero in such packets; and

iii) a2 running adder and reverse banyan

network for sorting said data packets dj, da, . . .,

dn+xaccording to said split bit, activity bit, desti-

nation address bits, priority bits, and age bits and in
response generating a plurality of sorted data pack-
ets €1, €y, . . ., eN4 xin which the split bit for each
of said packets ey, €2, . . . , ey+ ks reset to zero, and
wherein predetermined ones of said packets dy, ds,
..., dnyghaving a split bit of zero and an activity
bit of zero appear first in ey, e, . . . , eypxin in-
creasing order of destination address, followed by
predetermined ones of said packets dj, dy, . . .,
dn 4 x with no data and a split bit of zero and activ-
ity bit of one, followed finally by further predeter-
mined ones of said packets dj, d, . . ., dy+xhaving

a split bit of one and an activity bit of zero, in

decreasing order of destination address.
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28. The packet switch of claim 27, wherein said first
sort network further comprises a banyan network
whose nodes are 2 X2 sorters.

29. The packet switch of claim 27, wherein said first
sort network further comprises a Batcher network.

30. The packet switch of claim 27, wherein said pre-
sorting network further comprises a Batcher network.

31. The packet switch of claim 27, wherein said out-
put routing network further comprises a banyan net-
work.

32. The packet switch of claim 19, wherein each of
said modules further includes:

a) a streamlined column-fill network connected to
said storage locations associated with each of said
modules for receiving data packets denoted as a3,
a2, ..., an, wherein a, corresponds to the nth entry
of said modules for receiving data packets denoted
as aj, a, . . . , an;, wherein a storage locations asso-
ciated with each of said modules, and further data
packets denoted as by by, . . ., by where by corre-
sponds to the kth entry of any one of said column
of input data packets, said new input column of
data packets, and said further new input column,
and in response generating data packets denoted as
f1, B, . . ., fv for output as any one of either said
new input column of data packets, and said further
new input column and generating data packets
denoted as g1, g2, . . . , gk for output as any one of
either said output column, said new output array
column or said further new output array column,
wherein each of said data packets a3, ay, . . . , ay,
and by by, . . ., brincludes:

a split bit which is initially set to zero;

an activity bit which is set to zero in the event the
packet contains data and is set to one in the event
the packet contains no data;

a plurality of address bits defining an output ad-
dress to which the packet is destined;

a plurality of priority bits for identifying said pre-
determined priority value in terms of a predeter-
mined class of service of said packet; and

a plurality of age bits for maintaining sequence
within each priority class of service; and

b) means for initiating each of said age bits for each of
said switch input data packets that contain data,
and means for decrementing said age bits of each of
said data packets that contain data by one, unless
said age bits are all zero, upon shifting in of each of
said data packets that contain data into any one of
said storage locations,

wherein said streamlined column-fill network further
comprises: ’

1) a first sort network for receiving and sorting the
packetsay, ay,...,ayand by by, ..., brin ascend-
ing order according to said split bit, activity bit,
address bits, priority bits, and age bits, and in
response generating intermediate data packets
C1,C2 .. CN+K;

if) a trap network for receiving and comparing
successive pairs of said intermediate data packets
Cl, C2, . . ., Ntk and in response generating a
further plurality of data packets dy, da, . . .,
dy.x wherein said trap network comprises a
plurality of comparators for comparing the ad-
dress bits of said successive pairs of said interme-
diate data packets ¢y, ¢y, . . . , CN4+K, €ach packet
¢j+1 having associated therewith one of said
comparators having a pair of inputs ¢jand ¢j;1
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such that when one of said comparators deter-
mines that two addresses are the same, the split
bit of the packet associated with said one of said
comparators is set to one, the activity bit is left at
zero, and said address, priority, and age bits are
complemented, whereby the resulting packet
begins with the bits “10”, and when said one of
said comparators determines that two addresses
are different, the associated packet is identified as
the first occurrence of a particular destination
address in the sequence cy, c2, . . ., CN+k, the
split bit is left at zero, and all other header bits
are left unchanged, whereby the resulting packet
begins with the bits ““00”, and the first two bits of
any packet which contains no data are “01” since
the split bit is left at zero in such packets; and

iii) a second sort network for sorting said data
packets di, d2, . . . , dv4 kaccording to said split
bit, activity bit, destination address bits, priority
bits, and age bits and in response generating said
output data packets €1, €3, . . . , ey+x in which
the split bit for each of said packets e, e, . . .,
en+k is reset to zero, and in which the address
bits, priority bits, and age bits of all packets hav-
ing said split bits set to one of said data packets
di, dz, . . ., dv4x are complemented in order to
recover said destination address bits, priority bits
and age bits thereof which were previously com-
plemented, and wherein predetermined ones of
said packets di, dy, . . . , dv4x having a split bit
of zero and an activity bit of zero appear first in
€1, €2, . . . , eN4 K In increasing order of destina-
tion address, followed by predetermined ones of
said packets dj, da, . . . , dy4 & With no data and
a split bit of zero and activity bit of one, followed
finally by further predetermined ones of said
packetsdy, dy, . .., dv+ g having a split bit of one
and an activity bit of zero, in decreasing order of
destination address.

33. The packet switch of claim 32, wherein said first
sort network further comprises a banyan network
whose nodes are 2 X2 sorters.

34. The packet switch of claim 32, wherein said first
sort network further comprises a Batcher network.

35. The packet switch of claim 32, wherein said sec-
ond sort network comprises a Batcher network.

36. The packet switch of claim 32, wherein said pre-
sorting network further comprises a Batcher network.

37. The packet switch of claim 32, wherein said out-
put routing network further comprises a banyan net-
work.

38. The packet switch of claim 19, wherein each of
said modules further includes:

a) a streamlined column-fill network connected to
said storage locations associated with each of said
modules for receiving data packets denoted as aj,
ay, ..., ay, wherein a,corresponds to the nth entry
of said storage locations associated with each of
said modules, and further data packets denoted as
by, by, . . ., bg, where by corresponds to the kth
entry of any one of said column of input data pack-
ets, said new input column of data packets, and said
further new input column, and in response generat-
ing data packets denoted as f1, f5, . . . , ffor output
as any one of either said new input column of data
packets, and said further new input column and
generating data packets denoted as g1, g2, . . . , gk
for output as any one of either said output column,
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said new output array column or said further new

output array column, wherein each of said data

packets aj, ap, . .., ayand by, by, . . ., brincludes:

a split bit which is initially set to zero;

an activity bit which is set to zero in the event the
packet contains data and is set to one in the event
the packet contains no data;

a plurality of address bits defining an output ad-
dress to which the packet is destined;

a plurality of priority bits for identifying said pre-
determined priority value in terms of a predeter-
mined class of service of said packet; and

a plurality of age bits for maintaining sequence
within each priority class of service; and

b) means for initiating each of said age bits for each of

said switch input data packets that contain data,
and means for decrementing said age bits of each of
said data packets that contain data by one, uniess
said age bits are all zero, upon shifting in of each of
said data packets that contain data into any one of
said storage locations,

wherein said streamlined column-fill network further

comprises:
1) a sort network for receiving and sorting the pack-
etsaj, az ..., anand by, by, . . ., brin ascending

order according to said split bit, activity bit,
address bits, priority bits, and age bits, and in
response generating intermediate data packets
Cl,C2 ... CN+K

i) a modified trap network for receiving and com-
paring successive pairs of said intermediate data
packets cy, ¢, ..., cyrxand in response gener-
ating a further plurality of data packets dj, da, . .
- » dvt+kx wherein said modified trap network
comprises a plurality of comparators for compar-
ing the address bits of said successive pairs of
said intermediate data packets ¢y, c;. . ., CN+K,
each packet c;ji1 having associated therewith
one of said comparators having a pair of inputs
¢jand cj 1 such that when one of said compara-
tors determines that two addresses are the same,
the split bit of the packet associated with said one
of said comparators is set to one, the activity bit
is left at zero, whereby the resulting packet be-
gins with the bits “10”, and when said one of said
comparators determines that two addresses are
different, the associated packet is identified as
the first occurrence of a particular destination
address in the sequence ¢y, ¢3, . . . , v g the split
bit is left at zero, and all other header bits are left
unchanged, whereby the resulting packet begins
with the bits “00”, and the first two bits of any
packet which contains no data are “01” since the
split bit is left at zero in such packets; and

iii) 2 running adder and reverse banyan network for
sorting said data packets dj, dy, . . ., dy+k ac-
cording to said split bit, activity bit, destination
address bits, priority bits, and age bits and in
response generating a plurality of sorted data
packets ey, €2, . . ., en.xin which the split bit for
each of said packets e; ey, . . ., eN+Kis reset to
zero, and wherein predetermined ones of said
packets dy, dy, . . ., dv4x having a split bit of
zero and an activity bit of zero appear first in ey,
€2, . . ., N4k in increasing order of destination
address, followed by predetermined ones of said
packets dy, da, . . ., v x with no data and a split
bit of zero and activity bit of one, followed fi-
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nally by further predetermined ones of said pack-
ets di, da, . . ., dy+-xhaving a split bit of one and
an activity bit of zero, in decreasing order of
destination address.

39. The packet switch of claim 38, wherein said sort
network further comprises a banyan network whose
nodes are 2X2 sorters.

40. The packet switch of claim 38, wherein said sort
network further comprises a Batcher network.

41. The packet switch of claim 38, wherein said pre-
sorting network further comprises a Batcher network.

42. The packet switch of claim 38, wherein said out-
put routing network further comprises a banyan net-
work. )

43. An output-buffered packet switch, comprising:

a) input means for receiving data packets having
predetermined destination addresses and predeter-
mined priority values;

b) output means for outputting said data packets in
accordance with said predetermined destination
addresses;

¢) a buffer module comprising a plurality of storage
locations, each of said storage locations corre-
sponding to a column of predetermined ones of said
data packets with different destination addresses,
and wherein said buffer module holds data packet
columns for transfer to said output means;

d) a time-shared column-fill network having a first
input and a first output and a second input and
second output, and wherein said time-shared co-
lumn-fill network performs column-fill operations
for said buffer module on a time shared basis;

e) a holding buffer connected to said second output of
said time-shared column-fill network, and wherein
said holding buffer holds residual input packets for
processing in said time-shared column-fill network;

f) a first switching means for alternately connecting
said second input of said time-shared column-fill
network to said input means and an output of said
holding buffer;
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) a second switching means for connecting said first
output of said time-shared column-fill network
successively in time to said output means and to
storage locations of said buffer module which are
physically connected in succession, and for simul-
taneously connecting said first input of said co-
lumn-fill network to said storage locations of said
buffer module which are physically connected in
succession; and

h) means for controlling said first switching means
and said second switching means so as to effect:

1) exchanging predetermined ones of said data
packets having different destination addresses
with respective empty row entries or with
entries containing data packets of lower priority
value in predetermined ones of said storage loca-
tions of said buffer module identified by said
‘respective corresponding destination addresses;

i) exchanging remaining ones of said data packets
and displaced ones of said data packets having
lower priority values with respective empty row
entries or with entries containing data packets of
lower priority value identified by said respective
corresponding destination addresses in succes-
sive adjacent ones of said storage locations in a
direction opposite to said predetermined one of
said storage locations; and

iii) shifting said data packets from each storage
location by one column toward said predeter-
mined one of said storage locations, such that
said data packets in said predetermined one of
said storage locations are transferred to said
output means.

44. The packet switch of claim 43, further comprising
a rate adapter for synchronizing operation of said first
and second switching means at a predetermined clock
rate which is B times faster than the rate of transfer of
data packets into said input means and out of said output
means, wherein the integer B represents the number of

said storage locations in said buffer module.
* *x % * *



